j i Z Y X Z Y X Z Z Y Y X X C   
Supplemental Methods
NMA based on all-atom (united) force field or anisotropic network model (ANM)
The PDB file for the mHCN2 CL-CNBD structure (PDB ID: 1Q5O) was cleaned up by removing crystal water molecules and ions (23). Missing atoms and residues were added by Modeller (63). Based on the GROMOS96 43a1 force field, the PDB2GMX program from GROMACS package was used to generate the protein topology file (64).
The PRODRG server was used to generate the structure and topology files for cAMP molecules (65). Partial charges for the atoms near the cyclic phosphate group in cAMP were adjusted in reference to each atom's local chemical environment, with the total charge to be -1. For all-atom NMA, we maintained a 5Å layer of explicitly treated water molecules on protein surface (66). To ensure the starting structure at a local energy minimum, three energy minimization steps were sequentially applied at double numerical precision: steepest descent (SD), conjugate gradient (CG), and limited-memory Broyden-Fletcher-Goldfarb-Shanno (L-BFGS). The electrostatic energy was described by a switch function with the distance for normal treatment set at 15Å and the cut-off distance set at 18Å (67). Programs of mdrun_d and g_nmeig_d were used to generate and diagonalize the Hessian matrix, respectively. For ANM-based NMA, C- atom coordinates were extracted from the energy minimized structure. The Anisotropic Network Model (ANM) program was used with the unified force constant set as 1 kcal/mol/Å 2 and the cutoff distance set as 13Å (68).
After obtaining eigenvectors and corresponding eigenvalues of the Hessian system, we used the following equation to calculate the normalized covariance factor between each pair of atoms (i, j):
, where X, Y, Z represent projections in the eigenvector for each atom, k is the index for eigenvector, ω is the corresponding eigenvalue, and N is the number of eigenvectors involved in the calculation (9, 68) . To better suit the goal of systematically surveying all contacts, normalized covariance factor rather than the absolute value of covariance was used. Normalized covariance factor is also called cross-correlation (16). For NMA based on the all-atom force field (AANMA), the unit of eigenvalue is kJ/mol/nm 2 /amu according to the GROMACS definition. The eigenvalue generated from ANM calculation was converted to the Gromacs format by a factor of 32.2 (66). MD simulation of the WT and mutant mHCN2 C-terminal proteins A triclinic simulation box was generated around the protein molecule with a gap of 10Å on three dimensions. Point mutations were introduced using Modeller. The simulation box was filled with SPC216 water molecules. The whole system was neutralized by exchanging solvent water molecules with either Na + or Clions. After energy minimizations, a position-restrained MD simulation (500 ps) was used to relax and equilibrate the whole simulation system before the standard MD simulation. The following settings were applied: timestep, 2 fs; cut-off distance for short-range neighboring list, 0.9 nm; cut-off distance for Coulomb interactions, 0.9 nm; long-range electrostatics treatment, PME; cut-off distance for VDW interactions, 1. It is noticeable that HCN2 channel activates slowly and does not reach equilibrium with the 3-second protocol. Early studies utilizing 10 times longer voltage steps (30 seconds for HCN2 or 75 seconds for HCN4) activated the channel to a level closer to the steady-state (38, 39). Thus, the value of V 1/2 obtained with voltage steps of 3-second long corresponds to the non steady-state condition and should be more negative than the value under completely equilibrated, steady-state condition. Fully resolving the issue how differently WT and mutant channels are away from the equilibrium, with and without cAMP, requires a series of 30-seconds or even longer voltage-steps applied to the same patch which presents a great technical challenge. ANM analysis and covariance matrix construction were processed the same as before.
(A) Covariance matrix based on the first five eigenvectors of the lowest vibration
frequencies. This plot is the same as shown in Fig. 1D. (B) Covariance matrix based on the eigenvectors 6 -10. (A) PROTMAP-2D was used to generate the contact map. The cut-off distance was set as 8Å (http://genesilico.pl/protmap2d.htm). Notice that the results contain only two values, 0 (no contact, black) and 1 (contact, white).
(B)
Contact map generated with the cut-off distance set as 13Å, the same setting as used in ANM analysis. 
Figure S3 Location of K452 and R590 in the crystal structure of CL-CNBD.
(A) K452 is located in the A'-helix in C-linker. R590 is located in the loop between P-helix and -7 in CNBD. Both residues are in direct contact with residues from neighboring subunits but not with cAMP.
(B)
A zoomed view over K452 and E494. The atomic distance between the NZ atom of K452 and the CD atom of R590 is 5.8Å.
(C) A zoomed view over the R590 and E617. The atomic distance between the CZ atom of R590 and the backbone carbonyl oxygen atom of E617 is 3.6Å. The distance between the CZ atom of R590 and the CD atom of E617 is 5.0Å. 
